In disturbance ecology, stability is composed of resistance to change and resilience towards 17 recovery after the disturbance subsides. Two key microbial mechanisms that can support 18 microbiome stability include dormancy and dispersal. Specifically, microbial populations that are 19 sensitive to disturbance can be re-seeded by local dormant pools of viable and reactivated cells, 20 or by immigrants dispersed from regional metacommunities. However, it is difficult to quantify 21 the contributions of these mechanisms to stability without, first, distinguishing the active from 22
resuscitation from those recovered by dispersed immigrants. Here, we investigate the 24 contributions of dormancy dynamics (activation and inactivation), and dispersal to soil microbial 25 community resistance and resilience. We designed a replicated, 45-week time-series experiment 26 to quantify the responses of the active soil microbial community to a thermal press disturbance, 27
including control mesocosms, disturbed mesocosms without dispersal, and disturbed mesocosms 28 with dispersal after the release of the stressor. Communities were sensitive within one week of 29 warming. Though the disturbed mesocosms did not fully recover within 29 weeks, resuscitation 30 of thermotolerant taxa was key for community transition during the press, and both resuscitation 31 of opportunistic taxa and immigration contributed to community resilience. Also, mesocosms 32 with dispersal were more resilient than mesocosms without. This work advances the mechanistic 33 understanding of how microbiomes respond to disturbances in their environment. 34
Introduction 42
Ongoing changes to Earth's climate are projected to alter disturbance regimes and to 43 pervasively expose ecosystems to stressors like elevated atmospheric greenhouse gases and 44 increased temperatures [1] . Microbial communities, or microbiomes, provide vital ecosystem 45 functions and are key players in determining ecosystem responses to environmental 46 changes [2, 3] . Understanding the mechanisms that underpin microbiome responses to 47 environmental disturbances will support efforts to predict, and, potentially, manage, 48 microbiomes toward stable functions within their ecosystems. 49
In disturbance ecology, stability refers to consistent properties in the face of a stressor [4] . 50
Here, we apply terms from disturbance ecology as they have been adopted in microbial 51 ecology [5, 6] . Stability includes components of both resistance and resilience. Resistance is the 52 capacity of a system to withstand change in the face of a stressor, and its inverse is sensitivity. 53
Resilience is the rate of return following a disturbance. Recovery is when a system fully returns 54 to its pre-disturbance state, and an alternative stable state is when the system does not return but 55 rather assumes a different state. Together, resistance, resilience and recovery are the major 56 quantifiable components of stability, and they can be calculated from community measurements 57 of alpha diversity, beta diversity, or function [6, 7] . 58 and advances 5-7 my -1 along the coal seams [24, 25] . The coal seams are highly variable in depth, 88 but average 70 m below the surface [24] , so as the fire advances underground it warms the 89 overlying surface soils to mesothermal to thermal conditions . After the fire advances, previously 90 warmed soils cool to ambient temperatures. In the field, we observed that previously warmed 91 soils recovered towards reference soils in bacterial and archaeal community structure, with the 92 exception of a slightly increased selection for Acidobacteria in the recovered soils (attributable to 93 lower soil pH after coal combustion, [19] ). However, during fire impact, there was high 94 divergence among soil communities, and we hypothesized that differences in dormancy 95 dynamics (e.g., different members resuscitating and initiating priority effects during the stress) 96 may explain the divergences. In this experiment, we aimed to control dispersal, and also to 97 
RNA/DNA co-extraction 141
To obtain RNA and DNA from the same cell pool, we minimally modified a manual 142 coextraction protocol originally published by [26] . For each sample, 0.5 g of flash-frozen soil 143 was added to Qiagen PowerBead Tubes containing 0.70 mm garnet beads. Next, 500 uL of a 5% 144 CTAB/Phosphate buffer and 500 uL of phenol:chloroform:isoamyl alcohol were added to each 145 PowerBead tube. Cells were then lysed using a Model 607 MiniBeadBeater-16 (BioSpec 146 Products Inc.) for 30 seconds, followed by a 10 min centrifugation at 10,000 x g and 4°C. The 147 top aqueous layer was transferred to a fresh tube and 500 uL chloroform:isoamyl alcohol was 148 added. The tubes were inverted several times to form an emulsion before a five minute 149 centrifugation at 16,000 x g and 4°C. The top aqueous layer was transferred to a clean 1.5 mL 150 centrifuge tube. Nucleic acids were precipitated by adding two volumes of a 30% PEG6000 151 1.6M NaCL solution, inverting several times to mix, and incubating on ice for two hours. After 152 incubation, nucleic acids were pelleted by a 20 min centrifugation at 16,000 x g and 4°C. The 153 supernatant was removed from each tube and one mL of ice-cold ethanol was added to the 154 pelleted nucleic acids. Tubes were centrifuged for 15 min at 16,000 x g and 4°C, and the ethanol supernatant was removed. Pelleted nucleic acids were left to air dry before resuspending in 30 uL 156 of sterile DEPC-treated water. 157
To purify the RNA, co-extracted nucleic acids were diluted 1:100 before treatment with 158
Ambion Turbo DNA-free DNase kit, using the robust treatment option in the manufacturer's 159 instructions. Extracted nucleic acids were mixed with 0.1 volumes of the 10X Turbo DNase 160
Buffer and three uL of TURBO Dnase enzyme (six units total) and incubated at 37°C for 30 min. 161
After incubation, 0.2 volumes of DNase inactivation reagent was added and incubated for five 162 minutes at room temperature before a five min centrifugation at 2,000 x g and room temperature. 163
The treated supernatant was removed and used as the template for Reverse Transcription. RNA 164 purity was assessed by PCR (see below for details) and showed no amplification. 
Sequencing summary 242
In total, we sequenced 135 pairs of samples (cDNA and DNA) across nine timepoints and 243 15 mesocosms. We rarefied all samples to 50,000 reads, and removed those samples with fewer 244 than 50,000 reads. This resulted in the removal of 12 samples and left 53 Control, 36 richness ranged from 84 to 4,108, with 16,854 total OTUs observed, inclusive of both DNA and 247
RNA datasets. 248 249
Overarching responses to the thermal press disturbance 250
Total community richness responded consistently and as expected to the thermal press 251 disturbance. There was a notable bottle effect of maintaining field soil in mesocosms, indicated 252 by the gradual decrease in richness over time in the Control treatment ( Figure 2AB ). In the 253 Disturbance treatment, there was a modest but statistically supported decrease in richness one 254
week after warming from 14°C to 37 °C (week 5 all Disturbance v. Control comparison, 255
Kruskal-Wallis test, p = 0.003), and then a more substantial decrease after warming to 60°C at 256
week 6 (Kruskal-Wallis test, p = 0.002). Community size was estimated using copies of the 16S 257 rRNA gene measured with qPCR (Figure 3) . Disturbance community size decreased over weeks 258 four to seven and then maintained at a median of 1.03 x 10 7 rRNA gene copies per g soil. Control 259 communities decreased until week seven (bottle effect) and then increased rapidly by week ten 260 and generally stabilized at median of 2.98 X 10 8 16S rRNA gene copies/g soil ( Figure 3A) . 261
Together, these results show that the warming treatment acted as an environmental filter, 262 resulting either in death or population decreases past the limits of detection for taxa that were 263 otherwise fit in temperate conditions. Furthermore, there was a small but appreciable increase in 264 richness after the dispersal event in the Disturbance + Immigration treatment, relative to the 265 Disturbance treatment (Kruskal -Wallis test p= 0.088 at week 20, and p = 0.168 at week 45), 266 and this increase was also observed for community size, which approaches recovery towards the 267 control (Kruskal -Wallis test Control vs Disturbance + Immigration p=0.11, Control vs 268 Disturbance p=0.0004, Disturbance vs Disturbance + Immigration p=0.013) ( Figure 3B ). This suggests that the dispersal treatment was effective in promoting recovery of richness and 270 community size. However, warmed mesocosms did not completely recover richness to the level 271 of the ambient Controls, even by week 45 (Figure 2B) . Evenness followed the same overarching 272 patterns as richness ( Figure 2CD) . 273
We compared community structure across treatments for the Total community dataset, 274 rRNA gene; 14,159 OTUs) and the Active dataset (rRNA:rRNA gene > 1; 6,693 = OTUs). There 275 were clear and consistent shifts in beta diversity in the Disturbance mesocosms, as well as high 276
reproducibility among replicates for all treatments (Figure 4, Figure 5 Using the Active community, we calculated resistance and resilience of the Disturbance 301 treatment relative to the Control using community divergence from the first sampling 302 time(Week4) as the reference (Figure 6A) . Even in the Control communities, there was an initial 303 drop in similarity between weeks 4 and 5, which we attribute to the bottle effect. However, after 304 that the Control communities remain relatively stable with no additional divergence, while the 305
Disturbance communities decrease to their maximum divergence at week 10 (60°C). 306
Disturbed communities with Immigration converge slightly after the dispersal event. 307
Overall resistance was low ( Figure 6B) , and resilience reached its maximum, 0.41, in the 308 immigration treatment between weeks 16 (the time point at which the thermal press was 309 released) and the final week 45, but ranged from a minimum of 0.04 between week 16 and 20 in 310 the Disturbance without immigration treatment (Figure 6C-E For the recovery period (weeks 16-45), we wanted to assess the relative contributions of 316 activity dynamics and immigration to the overall beta diversity in Figure 2A . We calculated the 317 relative contribution of activity dynamics by identifying taxa that switched from an active or 318 inactive state to the other during this recovery period. We found that these dynamically active 319 taxa contributed 11.7% to 58.9% (median 28.9%) of the observed beta diversity, while 320 immigrants contributed 8.1% to 27.3% (median 15.5%) of the observed beta diversity during the 321 same time period. 322 323
Activity dynamics of responsive taxa 324
To understand potential roles of dormancy initiation and resuscitation in driving 325 community resistance and resilience, we wanted to distinguish taxa that changed in their activity 326 or their detection over the course of the disturbance. Taxa that fell below detection (there was no 327 rRNA gene detected in a particular sample) were distinguished from taxa that became inactive 328 (rRNA:rRNA gene shifted from > 1 to < 1). For this analysis, we used the Active community but 329 coded taxa that fell below detection as NAs to distinguish them from inactive taxa, which were 330 coded as 0. Notably, taxa that fell below detection could have been either active, inactive, or 331 locally extinct. 332
To conservatively attribute activity dynamics, we restricted this analysis only to the taxa 333 that were among the 50 most abundant over the course of the experiment (Figure 7A) . Within 334 this set, we detected no purely resistant taxa that were consistently active throughout the We detected 17 taxa that were sensitive to the disturbance (Figure 7B) . Sensitive taxa 338
were active prior to the warming but became inactive or dropped below detection during the 339 warming, and then did not reactivate. We also detected 19 transition taxa that were inactive prior 340 to the warming, active during the warming, and then became inactive after the stressor was 341 released. Because there was no external dispersal into the system, these thermotolerant taxa were 342 likely in the dormant pool of the soil. We could divide these responses generally into early and 343 late transition taxa. There were 6 early transition taxa that became active during week 5 or 6 of 344 the experiment, but then became inactive at weeks 10 and 14. There were also 13 late transition 345 taxa that remained inactive during weeks 5 and 6 but became active during weeks 10 and 14. 346
Among the top 50 taxa, we did not detect purely resilient taxa that were active prior to the 347 warming, became inactive during the warming, but then reactivated after the return to ambient 348 temperature. This suggests that dormancy strategies responsive to warming were not a 349 substantial contributor to member preservation, nor to eventual re-seeding. Instead, opportunists 350 and immigrants facilitated resilience in the mesocosms. Five opportunists were inactive or below 351 detection prior to and during the warming, but then activated after the temperature returned, 352 likely due to resuscitation. Eight immigrants were generally active prior to the warming, dropped 353 to below detection or became inactive during the warming, and then in the end, were active again 354 only in the Disturbance + Immigration treatment (and not in the Disturbance mesocosms without 355 immigration). 356
357

Relationships between taxon activity and abundance 358
The conventional thought is that relative abundance is the outcome of growth and 359 therefore an indicator of fitness, and so high relative abundance is indicative of recent or current activity in the environment. However, we detected a weak, but statistically supported, inverse 361 (log10) relationship between OTU 16S rRNA:rRNA gene ratio and relative abundance for those 362 taxa with an rRNA:rRNA gene ratio >1 (Figure 8A , Pearson's R = -.14, p < 0.0001). This result 363 is in agreement with other studies that have suggested that rare taxa may have high activity levels 364 relative to their abundance in the community [42] [43] [44] [45] [46] . We present it here to be transparent that 365 there are likely additional active but rare members that contribute to stability that have not been 366 considered in our analyses. 367
The inverse relationship between activity and abundance could not include taxa that had 368 RNA but no DNA detected (aka "phantom taxa", [44]) because they have an undefined 16S 369 rRNA:rRNA gene ratio. We make clear that, to be conservative, phantom taxa (that have RNA 370 but no DNA detected) were not included in the analyses, and that rare taxa that had high activity 371 ratios were not included in the description of activity response patterns among the top 50 most 372 abundant taxa. On balance, phantom taxa contributed proportionally few rRNA reads and few 373 unique OTUs to the dataset (Figure 8B and 8C) . However, there were a few exceptions, 374 including five samples that had >10% rRNA reads and > 50% of richness attributed to phantom 375 taxa. Four of these were from the Disturbance mesocosms at week 14 (peak-thermal press), and 376 one sample was from week 16, at the end of the press. These samples also had relatively low 377 richness and community size (Figure 2 and 3) . We speculate that, by reducing community size 378 and likely also total microbial biomass, the disturbance indirectly provoked relatively higher These results show that both dispersal and local dormancy dynamics, including activation 383 and inactivation, can contribute to overarching patterns of community resilience. The dispersal 384 event simulated in this experiment posed an optimistic scenario: well-mixed, control soils were 385 mixed into disturbed soils to maximize the volume of the disturbed soil that came into contact 386 with the inoculum. Regardless, by all metrics (beta diversity, alpha diversity, community size), 387 immigration was very successful. Our data directly show that dispersal can augment resilience 388 towards recovery. Given that the influences of dispersal on community assembly has been 389 investigated previously (often indirectly for bacterial and archaeal microbiomes, as inferred from 390 the contributions of stochastic or neutral processes e.g., [19, [48] [49] [50] [51] ), this result is in agreement 391 with the consensus of the literature that dispersal and dispersal limitation can matter for assembly 392
A new result is that local resuscitation also contributes to microbiome community 394 transitions during disturbance, and to resilience after the stress is released. Among the most 395 abundant taxa, there were near equal numbers of taxa that contributed to resilience via 396 opportunistic resuscitation and to resilience via immigration. Therefore, both mechanisms -local 397 resuscitation and regional immigration -are important for microbiome stability. The microbial 398 dormant pool is important for maintaining microbial diversity [43] and has evolutionary 399 implications for traits that persist within inactive populations [55]. To make more explicit the 400 role of dormancy dynamics for community disturbance responses (e.g., [56]), the phenomenon of 401 the "storage effect" underpins modern coexistence theory [57] and refers to the ability of 402 competing species to coexist when their growth and activities are separately partitioned over 403 time, typically in dynamic environments [58] . Given the severity of the thermal stressor in 404 in that it contains functionality for distinctive conditions, like thermal stress, that are not within 406 the expected range of environmental variability. 407
Another goal of the experiment was to understand the reproducibility of member 408 resuscitation given the press, and from the same soil. Because we observed high divergence in 409 the hot field soil communities in Centralia that was not attributable to any measured soil 410 environmental variable, including temperature, we hypothesized that stochastic resuscitation 411 from the soil could initiate priority effects (e.g., [9]), leading to divergent hot communities. 412
However, there was strong reproducibility among replicate disturbed mesocosms, suggesting that 413 there were particular microorganisms that consistently responded to the thermal stress from the 414 same soil. Therefore, we interpret that resuscitation in response to the thermal stress was largely 415 deterministic, and that observed divergences among hot soil communities in the field may be 416 instead attributed to either differences local edaphic factors that were unmeasured, or different 417 underlying dormant pools, or stochasticity in regional dispersal. Thus, our hypothesis regarding 418 priority effects by stochastic resuscitation was not supported. 419
Moving forward, there are several insights gleaned from this experiment. For soil, 420 measuring dispersal in the field is difficult, given the various means by which microorganisms 421 may arrive to a locality, including wind, ground water, and invertebrate vectors. However, there 422 are several methods, each with their own caveats and biases [18, 35, 59, 60] , to measure activity 423 and the pool of dormant organisms, and so this has become possible even with field soils. We 424 recommend to collect member activity data for soils, to characterize the dormant pool, and to 425 develop database infrastructure to support meta-analyses of these distinct activity-linked data 426 resources. Also, microbiome stability is a dynamic process that involves both transition and 427 resilience, and longitudinal series that are inclusive of the entire trajectory are informative.
Characterizing the full disturbance trajectory will allow for quantification of the changing 429 mechanisms that support stability, and will facilitate prediction of microbiome outcomes to new 430 stressors. In our experiment, one week of stress was sufficient to observe community sensitivity 431 (by week 5, the control and the disturbance treatments were statistically different), but 29 weeks 432 after the stress was not sufficient to observe complete recovery, though it seems that recovery is 433 possible given the trajectory toward the controls. For many soils, we expect that this time frame 434 of response may be typical [61] and it can be used to inform future studies. 435
To conclude, this experiment shows both dispersal and dormancy dynamics can 436 contribute to soil microbiome resilience in response to a press stress. Specifically, resuscitation 437 of thermotolerant members contributed to transition during press, and then immigration provided 438 a substantial boost to recovery beyond what was achieved with resuscitated opportunists. 439
Because activity responses to the disturbance were consistent, these results suggest that 440 predictive insights into microbiome resilience can be advanced more generally. We expect that 441 accounting for mechanisms of local resuscitation and regional dispersal together will advance 442 surface) was homogenized and divided among fifteen 1 L glass mesocosms that were maintained 605 at ambient moisture through the experiment. Control mesocosms (solid gold line, n = 6) were 606 maintained at 14°C, which was ambient soil temperature at the time of collection. Disturbance 607 mesocosms (dashed pink line, n = 9) were acclimated for four weeks at 14°C, increased to 60°C 608 over two weeks, maintained at 60°C as a thermal press disturbance for eight weeks, then 609 decreased back to 14°C over two weeks, and finally maintained for a total of 45 weeks. Four of 610 the disturbance mesocosms received a dispersal event (homogenized soil slurry from Control 611
Sampling points
Dispersal (17 w) Time (week) 60 14 Mesocosm Temperature (℃) Acclimation Temp. increase
Thermal press
Temp. decrease
Return
Experimental phase
Thermal press Control 4 6 10 14 16 20 0 45 5 15
mesocosms, see methods) at week 17, after the thermal press was released. Note the break in the 612
x-axis time scale between weeks 20 and 45. 613 week 10, the time point of maximum community change after the thermal press begins. (C-E) 663
Resilience of disturbed mesocosms without (-) and with (+) immigration, calculated after the 664 thermal press is released (week 16) for the (C) full recovery to week 45, (D) initial recovery to 665
week 20, and also for (E) long-term recovery from weeks 20 to 45. Asterisks indicate significant 666 differences by a Kruskal Wallis test (n.s. = not significant, * p<0.1). 667 
